Purpose: To evaluate the performance and limitations of the signal intensity ratio method for quantifying liver iron overload at 3 T. Methods: Institutional review board approval and written informed consent from all participants were obtained. One hundred and five patients were included prospectively. All patients underwent a liver biopsy with biochemical assessment of hepatic iron concentration and a 3 T MRI scan with 5 breath-hold single-echo gradient-echo sequences. Linear correlation between liver-to-muscle signal intensity ratio and liver iron concentration was calculated. The algorithm for calculating magnetic resonance hepatic iron concentration was adapted from the method described by Gandon et al. with echo times divided by 2. Sensitivity and specificity were calculated. Results: Five patients were excluded (coil selection failure or missing sequence) and 100 patients were analyzed, 64 men and 36 women, 52 ± 13.3 years old, with a biochemical hepatic iron concentration range of 0-630 lmol/g. Linear correlation between biochemical hepatic iron concentration and MR-hepatic iron concentration was excellent with a correlation coefficient = 0.96, p < 0.0001. Sensitivity and specificity were, respectively, 83% (0.70-0.92) and 96% (0.85-0.99), with a pathological threshold of 36 lmol/g.
Left untreated, iron overload can lead to complications, the most severe being hepatocellular carcinoma [2, 3] . An accurate evaluation of iron overload is needed to help determine treatment options as hepatic iron concentration reflects total body iron overload [4] .
In magnetic resonance imaging (MRI), the presence of iron in liver tissue decreases signal intensity primarily on the gradient-echo sequences as they are more sensitive to magnetic susceptibility [5] . This decrease can be quantified by calculating the R2 value, the R2* value [6] [7] [8] [9] [10] [11] or the signal intensity ratio (SIR) between the liver and paraspinal muscles [12] [13] [14] . These three methods were extensively validated at 1.5 T in comparisons with biochemical hepatic iron concentrations (B-HIC) measured in biopsy specimens [15] . MRI is thus now used in routine clinical practice to diagnose, quantify, and monitor iron overload [16] .
MRI at 3 T has become increasingly widespread in recent years. This has led to a strong demand for clinical validation of the above methods at 3 T, as the results are quite different at this magnetic field. The significant increase in magnetic susceptibility produces a more marked signal decrease with the same iron burden. Acquisition parameters need to be adapted and new reference values established. Moreover, better sensitivity and accuracy can be expected at 3 T, and this particularly means that a more definitive diagnosis of dysmetabolic iron overload syndrome can be reached. Conversely, quantification of severe overload cases may prove more difficult.
Concerning the T2* values, there are theoretical arguments supporting concordance between the different magnetic fields [17, 18] , whereas these do not exist for the SIR method. Regardless of the method, to our knowledge, there have been no previous studies comparing MRI at 3 T with biochemical hepatic iron quantification using biopsy specimens in a significant population of patients. The purpose of this study was to evaluate the signal intensity ratio (SIR) method for quantifying liver iron overload at 3 T in terms of performance and limitations.
Materials and methods

Patients
The study protocol was approved by the local institutional review board. Between January 2007 and January 2013, 108 patients referred for liver biopsy with suspected liver iron and/or fat overload gave written informed consent to participate in our prospective single-center clinical study (Fig. 1) . In addition to the usual care, an MRI was scheduled to assess hepatic iron stores. The protocol was made so that biopsy and MRI were done on the same day. Only three patients had a different order: 1 with the biopsy one day after MRI, 2 with the MRI 7 days after biopsy.
Liver biopsy
Liver biopsy was indicated as per the guidelines of the American Association for the Study of Liver Diseases [19, 20] . The indications were iron overload, dysmetabolic syndrome, chronic ethylism, viral hepatitis B or C, or other liver diseases (autoimmune hepatitis, primary biliary cirrhosis). A biopsy sample was taken from the right lobe of the liver using a 16 gauge needle (Hepafix 16G, Braun, Melsingen, Germany) under ultrasound guidance. Fibrosis was scored on a 5-grade scale, ranging from 0 (no fibrosis) to 4 (cirrhosis) [21] . All measures were done by a senior pathologist. Biochemical hepatic iron concentration (B-HIC) was measured using Barry and Sherlock's method on biopsy samples taken from paraffin wax-embedded blocks [22] . Hepatic iron overload was defined as a B-HIC greater than 35 lmol/g (dry liver). Steatosis was graded as the percentage of hepatocytes containing lipid vacuoles. The etiologies of liver iron overload were determined by clinical, biochemical, genetic, and lab test data.
MRI protocol
Two 3 T MR scanners were successively used during the study: an Achieva (Philips, Best, Netherlands) for the first patients, designated as Group 1, and a MAGNE-TOM Verio (Siemens Healthcare, Erlangen, Germany, operating on Syngo MR B17 software) for the subsequent patients, designated as Group 2. A body coil was used to achieve homogeneous signal intensity in the im- aged section and avoid signal depth fall-off. Only the Siemens MR scanner had a compensation method for B1 homogeneity. There was a slight difference of resonance frequency (127.794 vs. 123.244 Hz) between the two MR scanners. Five breath-hold single-echo gradient-echo (GRE) sequences were performed using a protocol similar to the one described by Gandon [12] and Rose [23] , but with half the echo time (TE). The first, opposedphase echo was acquired for each patient, followed by 4 in-phase echoes. The selected TEs were slightly increased for the second machine to be exactly in phase (Table 1) . Five slices were acquired for each sequence, capturing the middle and main part of the liver. Centering was the same, as sequences were copied on each other. The matrix was 256*256 for Group 1 and 192*162 for Group 2. All other scanning parameters were identical on the two machines with a repetition time of 120 msec, flip angle (FA) of 20°, slice thickness of 7 mm, field of view of 400 9 400 mm 2 , bandwidth of 1042 kHz, and 1 excitation. Each acquisition lasted 15s.
MRI data analysis
For each sequences, circular regions of interest (ROIs) of 706 mm 2 were placed in the same section plane. The plane section was chosen according to the following criteria: the presence of right liver and paraspinous muscles. An ImageJ (NIH, Bethesda, USA) plugin was used to place ROIs. Three ROIs were placed with a freehand technique in the right hepatic lobe, avoiding inclusion of vessels, biliary tracts, hepatic lesions, or artifacts, in order to get the mean signal intensity (SI) and 2 ROIs in the paraspinous muscles (one on each). The ROIs drawn on the first sequence were automatically spread through the other sequences in the same section plane at the same position. The liver-to-muscle SIR was calculated for each sequence: the mean SI of the three liver ROIs was divided by the mean SI of the two muscle ROIs.
The algorithm was derived from to the one described at 1.5 T [12] , and was defined from the new dataset. Linear regressions between B-LIC and the logarithm of LM ratios (MR-LIC) were calculated for each echo, excluding LM ratio values below 0.2 and over 1.2. To avoid fat influence, the out-phased first echo measures were used only when liver signal on the in-phase second echo was significantly decreased, with a L/M ratio below 0.5. MR-LIC was then calculated from regression parameters for each sequence. Finally, only the highest SIR-LIC of the five sequences was selected for each patient to determine the MR-LIC. In order to assess interobserver reproducibility, measurements were done by two trained radiologists. Measures and results were automatically saved in a spreadsheet.
Statistical analysis
Using the linear correlations observed between B-HIC and SIR values, an adaptation and an update of the algorithm previously described at 1.5 T was made to 3 T in order to get hepatic iron quantification (MR-HIC) [12] . Linear correlations were also applied using Pearson correlations. We used the area under the receiver operating characteristic (ROC) curve to assess the SIR method at 3 T. Sensitivity and specificity were calculated. We compared MR-HIC and B-HIC with the Bland and Altman statistical method. The results were expressed as mean differences with 95% CIs. Subgroup analyses were also performed. First, linear correlations were made for patients over 200lmol/g defined by B-HIC. Second, patients were classified into three groups according to their histologically steatosis assessment: £5%, 5-30% and ‡30%. Linear correlation and Student's t test were used to evaluate the influence of steatosis (significant p value < 0.05). Finally, comparison be- tween the datasets acquired on the two scanners (Group 1 and 2) was also performed using with Pearson correlations and a Student's t test. Sensitivity and specificity were also calculated. Intra-class correlation coefficient was used to assess interobserver variability. All analyses were performed using SAS 9.4 (SAS Institute, Cary, NC, USA).
RESULTS
Patient characteristics
One hundred and five patients were enrolled in the study, with different biopsy indications: 58 had iron overload detected by a blood test, 52 had dysmetabolic iron overload syndrome (DIOS), 15 had chronic ethylic intoxication, 15 had either hepatitis B or C, and 6 had other liver diseases (autoimmune hepatitis, primary biliary cirrhosis).
The 105 patients enrolled in the study were divided into two groups: the first 36 patients included were scanned on the Philips scanner (Group 1) and the following 69 on the Siemens scanner (Group 2). In the second group, 4 patients were excluded due to a coil selection failure and 1 patient due to a missing sequence. Finally, 100 patients (64 men and 36 women) were analyzed. The mean age was 52 ± 13.3 years old. B-HIC ranged from 0 to 630 lmol/g. Forty-six patients had normal B-HIC values. Patient details and iron Fig. 2 . A Graphical representation of liver-to-muscle SIR as compared to B-HIC for the first echo. This TE enabled quantification in patients with severe overload, above 200 lmol/g, but led to dispersion and lack of correlation for mild overload cases. With this opposed-phase TE, a signal decrease can also be due to liver steatosis. B Graphical representation of liver-to-muscle SIR as compared to B-HIC for the second echo. This graph shows a progressive decrease in SIR between normal iron concentration and 200 lmol/g. C Graphical representation of liver-to-muscle SIR as compared to B-HIC for the fourth echo. This graph shows a fast decrease in SIR as the iron concentration increases, achieving a more accurate evaluation of mild iron concentration, including in the normal range. The algorithm can be tuned to the appropriate echo according to the overload observed.
overload distribution are provided in Table 2 , both overall and for each group. Fifty-four patients had steatosis £5%, 15 patients between 5% and 30%, and 31 patients ‡30%.
Results on all patients
On each sequence, the SIR decrease was closely correlated with the increase in iron burden. The longer the TE, the faster the decrease proved to be. For severe overloads, the SI decrease was already significant on the first echo ( Fig. 2A) . For mild overloads, the SI decrease was seen only on the longest TEs (Fig. 2C) .
According to our algorithm, iron overloads confirmed by MRI (MR-HIC) and B-HIC were well correlated (correlation coefficient = 0.96, p < 0.0001) as shown in Fig. 3 and using Bland and Altman comparison as shown in Fig. 4 .
The area under the ROC curve was 0.97 (Fig. 5 ). Using B-HIC pathological threshold of 36 lmol/g, the best sensitivity and specificity were obtained with a MR-LIC threshold of 32 lmol/g, respectively, of 98% [89-100] and 87% .
Reproducibility between the two radiologists was excellent with an intra-class coefficient correlation of 0.99 [0.98-0.99].
Subgroup analysis
A first subgroup analysis was performed for patients with high B-HIC (>200 lmol/g). Eighteen patients were involved and the correlation coefficient between B-HIC and MR-HIC for these patients was 0.73 (p = 0.0005). The best sensitivity and specificity values for MR-LIC were obtained with a threshold of 162 lmol/g, with a sensitivity of 100% [79-100], and with a specificity of 99% [93-100]. The area under the ROC curve was 0.99.
A second subgroup analysis was performed according to the three steatosis groups previously described. There was no evidence of any statistical difference in iron assessment between these three groups. (p = 0.54).
Finally, the correlation coefficient between B-HIC and MR-HIC was excellent for both groups: 0.93 for Group 1 (p < 0.0001) and 0.97 for Group 2 (p < 0.0001). The best sensitivity and the specificity of MR-HIC for Group 1 were, respectively, 96% 
Discussion
This study shows that iron overload can be reliably quantified at 3 T, achieving excellent correlation with B-HIC findings using the method initially described by Gandon et al. with TEs divided by two [12] . The decrease in liver signal intensity due to the presence of iron-unlike for the paraspinal muscles-enables relatively simple computing of MR-HIC using an algorithm similar to the one described at 1.5 T and used in routine clinical practice [12] .
With a comparable TE, 3 T provides about 40% more signal and is twice as sensitive to iron overload as 1.5 T. Improved sensitivity is particularly useful in clinical practice due to the growing interest in DIOS and the impact of iron on the natural history of NAFLD [24] . Most of the iron overloads are under 250 lmol/g in DIOS. Iron overload, although mild, is associated with more severe liver damage and the benefits of iron depletion treatment have been advanced [25] [26] [27] [28] . Therefore, a more accurate assessment of liver iron burden in those patients via the use of 3 T MRI could provide a more reliable assessment of the impact of iron overload in the natural history of NAFLD or DIOS. The aim is to achieve more efficient selection of patients who could benefit from treatment. However, for high overloads, the benefit of a 3 T MR system disappears compared to 1.5 T.
The R2 or R2* calculation are the other methods available for assessing liver iron overload. R2 is less sensitive to iron overload, particularly at 3 T [29] . However, to our knowledge, there have been no clinical studies correlating R2 or R2* and biochemically quantified hepatic iron overload in a significant population of patients at 3 T. Anwar used the equation of Storey et al., describing the relationship between 1.5 and 3 T values of R2*, and compared the T2* with the liver iron concentration but with an insufficient number of patients (N = 2) who had a liver biopsy within 6 months of the MRI [18, 30] . In addition, theoretical analyses suggest that T2* would be halved when switching from 1.5 to 3 T [17, 18, 31] . The results achieved with our halved TEs are consistent with these analyses. Moreover, there are no clinical data in the literature comparing the accuracy of SIR and R2* for quantifying iron overload at 3 T, but it is likely that the two methods would produce similar results in mild overload cases, with the same sensitivity increase [32] .
As at 1.5 T, severe overloads of over 200 lmol/g were quantified with the SIR method at 3 T using a very short TE (21) . With the T2* calculation, similar values were only assessed at 1.5 T using a 0.8 ms TE [33] . Therefore, it is likely that to calculate very short T2* at 3 T, as indicated previously, TE would need to be reduced by half, with a first TE of around 0.4 msec. In routine clinical practice, TEs like these are very difficult to achieve [18] . At 3 T, Meloni et al. used a first TE at 1.6 ms with a calculation limitation in the case of moderate or severe iron overload [17] . The SIR method could therefore offer an alternative for quantifying severe overload at 3 T.
Although the correlation was still good over 200 lmol/g B-HIC, with a global correlation coefficient of 0.73 (p = 0.0005), greater deviations were observed for higher values, as shown in Fig. 3 . The first reason of discordance may be a slight deviation with MRI quantification, especially in Group 1 who didn't had at that time a compensation method for B1 heterogeneity. One of the discordant point, marked by an asterisk in Fig. 3 , illustrates these potential errors. In that case, the MRI shows a hyposignal of the paraspinous muscles due to B1 heterogeneity (Fig. 5) . Particular attention should be paid to the positioning of muscle ROIs if this artifact is observed to avoid any impact on clinical management. However, this warrants further investigation in a study with more iron-overloaded patients, thus increasing the number of correlations. A second reason of discordance could be that MRI produces average values for the entire liver, whereas liver biopsy is performed on a sample (10) .
The results obtained with TEs below the first in-phase echo may be influenced by the presence of fat [34] [35] [36] [37] [38] . The liver signal decreases with steatosis in the opposed phase. In usual practice, most patients have either iron or fat overload except for patients with DIOS. However, they have only mild to moderate iron overload and so a shorter TE in the opposed phase is not required as inphase echoes are sufficient for accurate iron assessment. Quantification of severe iron overload, which is mainly due to genetic hemochromatosis or transfusion induced, does require the use of shorter TEs, in opposed phase. In this case, combined steatosis is rare and its effect on the signal decrease is very slight compared to the effect of iron. Our series is consistent with this observation as the results are well correlated with the iron quantification biopsy results and are not influenced by fat despite both populations being included.
This study has several limitations. First, the acquisitions were performed on two different MR scanners, with slightly different resonance frequency (3%) and TEs (8%) which partially explains lower values observed in group 1. However, this is also one of the strength of the study since the results show excellent quantification accuracy for both scanners. Second, use of the SIR method and hence the muscle signal as the standard reference is based on the assumption that it is similar to the liver signal without any iron overload. However, this comparison relies on homogeneous coil sensitivity between those two areas. Use of an integrated body coil is imperative and automatic coil selection must be prevented. Phased array coils can increase the muscle signal and lead to overestimation. In our series, four patients were excluded due to automatic spine coil selection. A preliminary check on all the acquisition parameters is essential before performing any quantification. This is included in the freely available ImageJ plugin we created (available on www.ironbymr.fr). Third, a central hyposignal due to B1 heterogeneity can be observed at 3 T, especially if there is no compensation method via either software or a dielectric cushion. This was the case in Group 1 since the scanner used did not offer any compensation method. However, even if this artifact obviously minimizes iron quantification in a few cases, it has a minimum effect on the overall results, with no statistically significant difference and an R 2 correlation coefficient above 0.95 for both groups. It is also easy to recognize it then and pay attention to the muscle ROIs positioning, Fourth, five single-echo sequences with different TE values need to be acquired, while the T2* calculation uses only one sequence. This limitation can be overcome using a multi-echo sequence to obtain both SIR and T2*, alternating in-phase and opposed-phase echoes in order to jointly evaluate hemochromatosis and steatosis. However, unlike single-echo sequences, these multi-echo sequences are not always available in standard configuration.
Finally, this study validates the quantification of hepatic iron overload at 3 T using the SIR method with single-echo GRE sequences that are constantly available on all scanners. The iron quantification at this higher magnetic field could be benefit for patient with low or mild iron overload. Moreover, very short TEs also enable severe overloads to be quantified. The use of an MR scanner with a B1 correction method or dielectric cushion is recommended to avoid an artificial decrease in paraspinal muscle signal intensity. Further research should investigate the use of multi-echo sequences to simplify the acquisition protocol and to allow a simultaneous SIR and R2* calculation in order to overcome each technique limitations.
